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We investigated the mechanisms of intermediate cell mass (ICM) expansion in zebrafish chordin (Chd) morphant embryos and examined
the role of BMPs in relation to this phenotype. At 24 h post-fertilization (hpf), the expanded ICM of embryos injected with chd morpholino
(MO) (ChdMO embryos) contained a monotonous population of hematopoietic progenitors. In situ hybridization showed that hematopoietic
transcription factors were ubiquitously expressed in the ICM whereas vascular gene expression was confined to the periphery. BMP4 (but not
BMP2b or 7) and smad5 mRNAwere ectopically expressed in the ChdMO ICM. At 48 hpf, monocytic cells were evident in both the ICM and
circulation of ChdMO but not WT embryos. While injection of BMP4 MO had no effect on WT hematopoiesis, co-injecting BMP4 with chd
MOs significantly reduced ICM expansion. Microarray studies revealed a number of genes that were differentially expressed in ChdMO and
WT embryos and their roles in hematopoiesis has yet to be determined. In conclusion, the expanded ICM in ChdMO embryos represented an
expansion of embryonic hematopoiesis that was skewed towards a monocytic lineage. BMP4, but not BMP2b or 7, was involved in this
process. The results provide ground for further research into the mechanisms of embryonic hematopoietic cell expansion.
D 2004 Elsevier Inc. All rights reserved.
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Hematopoiesis in vertebrates is classified as primitive
and definitive (Amatruda and Zon, 1999; Galloway and
Zon, 2003). In zebrafish, primitive hematopoiesis occurs in
an intra-embryonic structure known as the intermediate cell
mass (ICM). At 24 h post-fertilization (hpf), the ICM
comprises almost exclusively erythroid progenitors whereas
the yolk sac contains cells of myeloid lineage (Lieschke et0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2004.09.032
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E-mail address: verfa001@umn.edu (C.M. Verfaillie).al., 2002). Definitive hematopoiesis originates from the
ventral wall of the dorsal aorta and begins on day 4 (dpf) in
the kidneys (Bennett et al., 2001).
Two chemically induced mutagenesis screens in zebra-
fish have generated mutants with circulation and hema-
topoietic defects and skewing in dorsoventral (DV)
patterning (Driever et al., 1996; Hafter et al., 1996). Some
are characterized by the absence of circulation due to
either specific defects in primitive hematopoiesis (e.g.,
bloodless) or a dorsalized body plan with reduction in
ventral mesoderm specification (e.g., snailhouse, swirl). In
contrast, the dino mutant, which carries a recessive null
mutation of the chordin gene, is characterized by a
ventralized phenotype with reduced size of head, spinal277 (2005) 235–254
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body, including the ICM (Hammerschmidt et al., 1996).
Zebrafish chordin gene was first characterized by Milller-
Bertoglio et al. (1997) and is highly homologous to that in
Xenopus and Drosophila. It is an extracellular antagonist
to bone morphogenetic proteins (BMPs) and is secreted by
the dorsal borganizerQ (Schulte-Merker et al., 1997). Under
normal circumstances, the interaction between chordin and
BMPs creates a functional gradient of BMPs and such
gradient is responsible for DV patterning in zebrafish
embryos (Milller-Bertoglio et al., 1997). In the dino
mutants, absence of chordin results in reduced antagonism
to BMPs and skewing of the DV axis such that ventral
mesoderm and hematopoietic specification is increased as
early as in the blastula stage (Kishimoto et al., 1997). At
late segmentation stage (22–24 hpf), the mutant is
characterized by the expansion of ICM posterior to the
urogenital region.
Relatively little information is available on the cellular
features and gene expression patterns of the expanded ICM
in the dino mutant and how the latter is linked to BMP
signaling. This has led us to investigate the histological
features and gene expression resulting from reduced
chordin expression as induced by chordin morpholinos
(the embryos are referred herein as chordin morphants,
ChdMO), which phenocopies the mutants with high
penetrance (Nasevicius and Ekker, 2000). Most studies
were done on WT and ChdMO at 24 hpf, when clear
morphological distinction between the mutant and wild-
type embryos can be made based on expansion of ICM in
the mutants. We demonstrated that the expanded ICM in
ChdMO embryos represented an expansion of embryonic
hematopoiesis that was skewed towards a monocytic
lineage. BMP4, but not BMP2b or 7, was involved in
this process. Microarray studies revealed a number of
genes that were differentially expressed in ChdMO and WT
embryos and their roles in hematopoiesis has yet to be
determined. The results may provide ground for further
research into the mechanisms of embryonic hematopoietic
cell expansion.Materials and methods
Zebrafish
Danio rerio (wild type) were obtained from the Segrest
Farms, Florida, and were maintained and raised under
standard conditions at 288C. Embryos are produced by
natural spawning. Subsequent staging was consistent with
that described by Kimmel et al. (1995). In experiments in
which the embryos were stained for hemoglobin, they were
dechorionated at 24 and 48 hpf and were stained for 15 min
in dark in O-dianisidine (0.6 mg/mL), sodium acetate (0.01
M, pH 4.5), H2O2 (0.65%), and ethanol (40%) (all from
Sigma, MO, USA).Antisense morpholino oligonucleotides
Antisense morpholinos (Gene-Tools, LLC, OR, USA)
were designed to target sequences of the 5V untranslated
region or flanking and including the initiation codon of the
respective genes. The sequences used were: Chordin-MO:
5V-ATCCACAGCAGCCCCTCCATCATCC-3V (Nasevicius
and Ekker, 2000); twisted gastrulation (Tsg)-MO: 5V-
CTGATGATGATGATGAAGACCCCAT-3V (Ross et al.,
2001); BMP4-MO: 5VGTCTCGACAGAAAATAAAGCAT-
GGG-3V. Random sequence MO as control for BMP4-MO:
5VGGTACCTGATAATACCTCACTCTTC-3V. Search of the
TIGR database did not identify sequence similarity with any
known zebrafish gene with the random sequence MO.
Solutions were prepared and injected at 1–4 cell stage as
described (Nasevicius and Ekker, 2000).
Tissue preparation and total RNA preparation
Only ChdMO embryos that developed a V3 ventralized
phenotype (reduced head and notochord structures,
expanded posterior somites, and blood islands) were
selected for the study (Kishimoto et al., 1997). Both WT
and ChdMO embryos were dechorionated at prim-5 stage (24
hpf) and total RNA was extracted from whole organisms as
well as the distal part of the embryos truncated at the middle
of the yolk extension. The latter therefore included the ICM,
the distal half of the yolk extension, the caudal part of the
spinal cord, notochord, and pronephric ducts as well as the
posterior somites and the tail bud. Trizol Reagent (Life
Technologies, OK, USA) was added to 100–200 whole or
truncated embryos, which were homogenized by repeated
aspirations through a 21-gauge needle. The samples were
incubated at room temperature for 5 min followed by RNA
extraction with chloroform and precipitation with isopropyl
alcohol. The RNA precipitate was washed and redissolved
in 100 AL H2O and the sample was further purified using a
RNA cleanup protocol (Qiagen, CA, USA). Only samples
with A260/A280 ratios z1.7 and 28S/18S intensity ratios
z1.5 were included for analysis.
Zebrafish microarray
Chips were built from 65-mer 5Vamine modified oligos
that are chemically and covalently immobilized on 3D
hydro gel matrix on glass slides, representing 16,434
individual genes. cRNAs were labeled with biotin-NTP
and hybridized to the oligo probe containing chips and
signals of probe/target complex detected by Streptavidin-
Alex conjugates. The intensity of each hybridization was
normalized to the median of each array and then log-base 2
transformed prior to analysis. Comparisons between WT
and ChdMO embryos were performed in triplicate pairs. The
mean expression of the WT and ChdMO groups was
compared using a Students’ unpaired t test. A P value of
b0.05 was considered statistically significant. Fold change
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(log-base 2 transformed) between WT and ChdMO embryos.
Among the genes that showed a significant difference, only
those that showed a fold change up or down of greater than
0.5 were selected for further characterization.
Preparation of antisense RNA probes and whole-mount in
situ hybridization (ISH)
Antisense riboprobes to gata1, scl, c-myb, ikaros, lmo-2,
pu.1, l-plastin, bmp4, 2b and 7, smad5, fli1, and flk1 were
made from zebrafish cDNAs as described (Schulte-Merker
et al., 1992). Whole-mount in situ hybridization was
performed according to standard protocols. Digoxigenin-
labeled probes were detected with alkaline phosphatase
conjugated with antidigoxigenin antibody. BCIP/NBT was
used as substrate to develop purple color (all from Roche
Molecular Biochemicals, Mannheim, Germany). Histolog-
ical assessment of stained embryos was performed on 5–7-
Am paraffin sections. Similarly, unstained WT and ChdMO
embryos at 24 and 48 hpf were embedded and examined on
5-Am sections after hematoxylin and eosin staining.
Microangiography
Microangiography of zebrafish embryos was performed
at 48 hpf as described (Nasevicius et al., 2000). The
embryos were anesthetized with tricaine (0.02%) and
injected with FITC-dextran (10 mg/mL, Sigma) at the sinus
venosus. Fluorescent images were captured within 15 min
of microinjection using a Zeiss Axioskop 2 microscope with
a standard FITC filter set.
BMP4 plasmid microinjection and expression construct
Full-length zbmp4 was cloned into the EcoRI site of
pFRM2.1 for overexpression. Plasmid DNA expression
constructs were purified and diluted to 30 ng/AL. DNA, 67.5
pg, was injected into 1-cell stage embryos at the interphase
between the yolk and the cytoplasm. Embryos wereFig. 1. Morphology of WT (A, 24 hpf; C, 48 hpf) and ChdMO embryos (B, 24 hp
embryos stained with O-dianisidine. Brown color indicates the presence of hemoanalyzed at 24 hpf for morphology and gene expression
by whole mount in situ hybridization.
Cytological examination
ChdMO embryos at 48 hpf were bathed in PBS and the
expanded ICM were dissected. The cells were aspirated with
pipette and were examined under cytospin preparation. To
examine circulating cells, both WT and ChdMO embryos at
48 hpf were bathed in PBS and the heart sacs were
dissected. Circulating cells were aspirated with pipette and
examined under cytospin preparation.
Statistics
Numerical data were compared using Mann–Whitney U
test and P value of b0.05 was considered statistically
significant.Results
Cytology of the expanded ICM and circulating cells in
ChdMO embryos
Dose–response studies showed that injection of chordin
MO at 1–2 ng into zebrafish embryos gave rise to
morphants with an expanded bblood islandQ but only mild
reduction in head structures (Nasevicius and Ekker, 2000).
Compared with embryos injected with higher doses of MO,
the majority of morphants generated with 1–2 ng chordin
MO survived to the larval stage. For subsequent studies, we
injected 1–4-cell stage embryos with 1.5 ng chordin MO
and assessed development at 24 and 48 hpf (Fig. 1). As
described for the dino mutant (Hammerschmidt et al., 1996),
the head region of the ChdMO embryos appeared thinner,
while the tail region was broader and thicker than in WT
embryos. In the region posterior to the yolk-extension and
urogenital area, the ICM was expanded in the ChdMO but
not WT embryos. At 24 hpf, the expanded ICM did not stainf; D, 48 hpf). White arrowhead: Intermediate cell mass. The inserts showed
globin.
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pinkish hue and some of the cells had acquired hemoglobin
as shown by positive staining with O-dianisidine. To
examine more closely the histological features of the
expanded ICM, we sectioned WT and ChdMO embryos at
24 hpf and evaluated the cellular contents by H&E staining
(Fig. 2). In WT embryos, the ICM posterior to the yolk
extension was only a few cell layers thick. In contrast, the
ICM in ChdMO embryos consisted of an expansion of cells
that were monotonous with round nuclei and high nucleus to
cytoplasm (N/C) ratio, reminiscent of early hematopoietic
progenitors. Mitotic figures were frequently seen in these
embryos.
We also sectioned 48 hpf WT and ChdMO embryos and
examined the cells in the ICM by H&E staining. The ChdMO
ICM contained a heterogeneous population of cells (Fig. 3),
with frequent cells showing horseshoe-shaped nuclei (rem-
iniscent of monocytes) as well as cells with elongated
nuclei. When the cells were isolated from the ChdMO ICM
and evaluated on cytospin preparations, we detected a
heterogeneous cell population containing not only nucleated
embryonic red cells, but also monocyte-like (11.1 F 1.6 per
200 cells, n = 5 experiments) and blast-like cells (14.0F 1.4
per 200 cells, n = 5 experiments) (Fig. 4). In contrast, no
hematopoietic cells could be isolated from 48 hpf WT
embryo ICMs.
In 48 hpf ChdMO embryos, circulating cells were
predominantly nucleated red cells. Monocytes and
binucleated erythroid cells accounted for 1.2 F 0.4 and
1.4 F 0.9 per 200 cells, respectively (n = 5 experiments)
(Fig. 5). In WT embryos, no monocytic cells could be seenFig. 2. Hematoxylin and eosin sectioning of WT (A, B) and ChdMO embryos (C
embryos, the ICM is only 3–5 cell thick posterior to the yolk extension. The ChdM
monotonous population of cells with regular and round nuclei and high nuclei to
panel D).in four separate experiments. Binucleated erythroid cells, on
the other hand, accounted for 2.0 F 0.4 per 200 cells (n = 4
experiments). Among the circulating erythroid cells from
ChdMO embryos at 48 hpf, 21.0 F 1.5% were Periodic Acid
Schiff (PAS) positive (Fig. 5). In contrast, PAS positivity
was not evident in any of the circulating cells from WT
embryos (n = 4 experiments). None of the circulating cells
from either the ChdMO or WT embryos were myeloperox-
idase positive.
Expansion of the ICM is not caused by abnormal vessel
formation in ChdMO embryos
One possible explanation for the expanded ICM in
ChdMO embryos is that aside from hematopoietic abnormal-
ities, vascular defects were present. We therefore tested if
functional circulation existed in the ChdMO embryos by
microangiography at 48 hpf (Fig. 6). Both axial and
segmental vasculature was patent and the ICM cavity was
in continuity with the systemic circulation. This finding
demonstrates thus that the expanded cell population in the
ICM of ChdMO embryos was unlikely due to stagnant
circulation in this region. Patent circulation could also be
demonstrated using transgenic gata1-dsRED zebrafish
embryos injected with chordin MO (data not shown).
Spatial expression of genes in the expanded ICM of ChdMO
embryos
The monotonous and roundish cells in the expanded ICM
of ChdMO embryos were reminiscent of hematopoietic, D) at low (A, C) and high-power (B, D) magnification at 24 hpf. In WT
O embryos had expanded ICM (arrowheads in panel C), which contained a
cytoplasm (N/C) ratio. Mitotic figures are easily identified (arrowheads in
Fig. 3. H&E sectioning of WT (A, B) and ChdMO embryos (C, D) at low (A, C) and high power (B, D) magnification at 48 hpf. In WT embryos, there was no
defined population of cells in the ICM although erythroid cells can be readily identified at the axial circulation (B). In the chordin morphants, the ICM remained
expanded but instead of a monotonous population seen at 24 hpf, the cells in ICM at 48 hpf became heterogeneous. Monocyte-looking cells with horseshoe-
shaped nuclei are readily encountered (arrowheads).
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express genes normally associated with hematopoiesis.
Increased specification of hematopoietic cells in ChdMO
embryos was evident as early as 12 hpf as gata1, 2, and scl
were up-regulated in two broad stripes that represent lateral
plate mesoderm (Hammerschmidt et al., 1996 and our
unpublished observation). At 24 hpf, transcripts for the early
hematopoietic genes, gata1, ikaros, c-myb, scl, and lmo2,Fig. 4. Wright staining of cytospin preparation of cells dissected out from the
heterogeneous population of cells, including erythroid cells (A), blast-looking cell
cells (E) as well as blast-looking cells (F) were PAS (Periodic Acid Schiff) stainiwere significantly up-regulated in the ICM of ChdMO
embryos (Fig. 7). L-plastin mRNA, which is associated
with monocytic differentiation, was also up-regulated. In the
ventral tail region, where angioblasts originate, there was no
difference in the expression of scl and lmo2 mRNA between
WT and ChdMO embryos. The majority of cells in the
expanded ICM expressed hematopoietic genes including
scl, gata1, ikaros and l-plastin (Fig. 8). Expression of fli1expanded ICM of the ChdMO embryos at 48 hpf. The ICM comprised
s (B), monocyte-looking cells (arrowhead, C and D). Some of the erythroid
ng positive.
Fig. 5. Wright staining of cytospin preparation of cells dissected out from the circulation of the ChdMO and wild-type embryos at 48 hpf. Most of the circulating
cells are erythroid in morphology (A), monocytes (B), and binucleated erythroid cells (C) accounted for 1.2 and 1.4 per 200 cells, respectively. Periodic Acid
Schiff (PAS) staining showed positivity in 21% of cells (D). (E) Circulating erythroid cells in the WT embryos. 2.0 per 200 cells in the WT embryos were
binucleated (not shown). Monocytes were not evident. PAS staining was all negative in WT embryos.
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and angioblasts, was up-regulated in the ICM of ChdMO
embryos. However, fli1 and flk1 expression was confined to
cells lining the central population in the ICM, and we did
not detect differences in expression of fli1 and flk1 mRNA
between WT and ChdMO embryos in the ventral tail region.
Alterations in gene expression in ChdMO embryos
To further characterize genes that might have altered
expression in ChdMO embryos, we compared the global
gene expression profile of WT and ChdMO embryos, using
both whole embryos as well as the truncated caudal half of
embryos, by microarray. Approximately 5% of genesFig. 6. Microangiographic studies in ChdMO embryos at 48 hpf showing that the
showed a WT embryo at 48 hpf.present on the array were differentially expressed between
WT and ChdMO embryos (4.5% when whole embryos were
analyzed and 6.3% for the truncated caudal part only), 30–
50% of which were up-regulated. One third of these genes
represented known zebrafish genes or genes with more than
90% homology to genes identified in other species (Table
1). Approximately 20% of genes with known function
represented transcription factors (TFs), and 10% each were
genes involved in signal transduction, cell metabolism, or
membrane proteins (Table 2).
We mapped the spatial expression of the differentially
expressed genes in whole embryos and the truncated caudal
part to see if their patterns were consistent with the observed
morphological features of the ChdMO embryos. In studiesexpanded ICM was in continuity with the rest of the circulation. The insert
Fig. 7. Whole-mount in-situ hybridization of WT and ChdMO embryos at 24 hpf. Expression of both hematopoietic and vascular genes, as well as BMP4 and smad5, were up-regulated in the expanded ICM
(arrowhead). In the ventral tail region (arrow), there was no difference in the expression of genes between WT and the morphants. Note that BMP4 was ectopically expressed in the morphants at the tip of the yolk
extension (z) as well as the distal border of the expanded ICM (*).
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Fig. 8. Paraffin sections (7 Am) of ChdMO embryos (24 hpf) at ICM after hybridization. Gata1, ikaros, l-plastin, and scl were generally expressed among the
cells in the ICM. Vascular genes including flk1 and fli1 were expressed at the periphery of the ICM.
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known zebrafish genes were up-regulated in the ChdMO
embryos. Among these, eight have previously been mapped
to the ICM and the rest to different parts of the embryo,
including the posterior somites, skin, pronephros, and yolk
(Table 3A). Sixty-nine genes that were down-regulated in
ChdMO embryos could be mapped to the brain (47/69),
spinal cord (18/69), anterior somites (14/69), posterior
somites (18/69), notochord (8/69), but none to the ICM
(Table 3B). Among the 58 genes up-regulated in the caudal
truncated ChdMO embryos, 25 genes could be mapped to the
ICM, 12 to the posterior somites, 11 to the tail bud, 6 to the
urogenital area, 4 to the vasculature, 3 to the spinal cord,
and none to the notochord (Table 4A). Seventy-one down-
regulated genes could be mapped: 24 are known to be
expressed in the spinal cord, 24 in the posterior somites, 12
in the notochord, 6 in the pronephros, and only 1 in the ICM
(Table 4B).
Transcripts for TFs known to be expressed in hema-
topoietic stem and progenitor cells, such as draculin, gata1,
gata2, scl, lmo2, biklf, c-myb, ikaros, and Kruppel-like
factors, were all up-regulated in the ChdMO embryos. In
addition, expression of genes that are linked to erythroidTable 1
The number and identity of clones on the microarray that showed differential exp
Whole organism
Up-regulated Down-re
EST 275 189
Hypothetical protein 16 11
Open reading frame 2 1
Unknown 38 39
Known genes 73 111
Total 404 351(globins, b-spectrin, uroporphyrinogen decarboxylase, and
synthase) and monocytic differentiation (draculin) was
increased. This was more obvious when only the truncated
caudal part of the embryos was analyzed. Genes associated
with vasculogenesis (fli1, tie1, flt4) were also up-regulated
(for lists of differentially expressed genes, see Supplemen-
tary data).
A second group of up-regulated transcripts comprised
components of the BMP signaling cascade, including
DNp63a1 and smad5. This suggests that expression of
these genes is at least in part mediated by transcriptional
regulation. Transcripts for BMP4, but not BMP7 or BMP2b,
were also significantly up-regulated in the truncated caudal
part of ChdMO embryos (P b 0.05), although the difference
between WT and ChdMO embryos was only 0.495 (log2
transformed).
Consistent with the ventralized phenotype of the ChdMO
embryos, genes associated with neural development in
zebrafish, including Iroquois, Meis2, several POU and
SOX transcription factors, the Deltas and HERs, were
down-regulated in ChdMO embryos. The Hox genes, which
are expressed in a collinear pattern in zebrafish embryos,
also exhibited differential expression: Hox genes normallyression between WT and ChdMO embryos
Truncated caudal part
gulated Up-regulated Down-regulated
231 291
10 27
1 0
44 41
121 178
407 537
Table 2
The distribution of known genes that were differentially expressed between WT and ChdMO embryos
Whole organism Truncated caudal part
Up-regulated (%) Down-regulated (%) Up-regulated (%) Down-regulated (%)
Transcription factors 17 (23.3) 36 (32.4) 36 (29.8) 26 (14.6)
Signaling 7 (9.6) 11 (9.9) 12 (9.9) 18 (10.1)
Metabolism 2 (2.7) 4 (3.6) 10 (8.3) 21 (11.8)
Membrane protein 10 (13.7) 8 (7.2) 6 (5.0) 12 (6.7)
Surface receptors 3 (4.1) 7 (6.3) 5 (4.1) 6 (3.4)
Hb/metabolism 0 (0) 0 (0) 4 (3.3) 0 (0)
Secreted proteins 2 (2.7) 9 (8.1) 4 (3.3) 19 (10.7)
Intracellular transport 1 (1.4) 1 (0.9) 4 (3.3) 4 (2.2)
Extracellular matrix 3 (4.1) 2 (1.8) 3 (2.5) 8 (4.5)
Protein synthesis 1 (1.4) 0 (0) 3 (2.5) 1 (0.6)
Structural protein 4 (5.5) 10 (9.0) 2 (1.7) 18 (10.1)
Chaperone protein 4 (5.5) 0 (0) 2 (1.7) 2 (1.1)
Cell cycle 0 (0) 1 (0.9) 2 (1.7) 1 (0.6)
Apoptosis 1 (1.4) 0 (0) 2 (1.7) 0 (0)
Protease 3 (4.1) 0 (0) 1 (0.8) 2 (1.1)
Oxidoreductase 0 (0) 1 (0.9) 0 (0) 3 (1.7)
ATPase 1 (1.4) 2 (1.8) 0 (0) 8 (4.5)
ATP synthase 1 (1.4) 0 (0) 0 (0) 1 (0.6)
Protein transferase 2 (2.7) 0 (0) 0 (0) 4 (2.2)
Unclassified 11 (15.1) 19 (17.1) 25 (20.7) 24 (13.5)
Total 73 111 121 178
A.Y.H. Leung et al. / Developmental Biology 277 (2005) 235–254 243expressed in the anterior part of the zebrafish embryo were
down-regulated (HoxB8 and A8) and those in the posterior
part were up-regulated (HoxD11, A11, D12, A13). In
contrast to the observed expansion of posterior somites in
the ChdMO embryos, genes encoding for muscle-specific
proteins, including genes important for muscle specifica-
tion (Hedgehog, engrailed proteins), transcriptional regu-
lation (MEF2), signaling (creatine kinases), and structural
proteins were down-regulated in ChdMO embryos. TheTable 3A
Anatomical mapping of genes that are up-regulated in the ChdMO embryos at wh
Normal gene expression is marked by the black boxes. Gray boxes in Hox B10 gen
and tailbud, it was not shown in studies in which only the truncated distal part wsame pattern was observed when whole or the truncated
distal part of the embryos was analyzed. Finally, several
families of genes with widespread spatial expression were
differentially expressed between ChdMO and WT embryos:
genes encoding for the Wnt proteins, the Na+/K+ATPases,
and those encoding for intermediary metabolic enzymes
were down-regulated in ChdMO embryos, whereas those
encoding for various members of the claudin family were
up-regulated.ole-organism level
e indicate that although this gene is normally expressed in posterior somites
as analyzed.
Table 3B
Anatomical mapping of genes that are down-regulated in the ChdMO embryos at whole-organism level
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Table 3B (continued)
Normal gene expression is marked by the black boxes.
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expanded hematopoiesis in ChdMO embryos
Our gene array studies had demonstrated that aside from
genes involved in BMP signaling such as smad5, transcripts
for BMP4, but not BMP2 and BMP7, were significantly up-
regulated in the truncated caudal part of ChdMO embryos.
ISH studies also showed that although BMP4 mRNA was
not detectable in WT embryos at 24 hpf, it was ectopically
expressed as a discrete patch posterior to the tip of the yolk
extension of ChdMO embryos, coinciding with the site of
hematopoietic gene expression, as well as the distal border
of expanded ICM (Fig. 7). A similar expression pattern was
demonstrated for smad5. However, neither BMP2 nor
BMP7 expression was demonstrable in the ICM at 24 hpf
of either ChdMO or WT embryos.
The observation of a specific and localized patch of
ectopic BMP4 expression and increased expression of
smad5 in the ICM of ChdMO embryos led us to test whether
BMP4 might, at least in part, mediate the expansion of
hematopoietic population. To test this, we co-injected MOs
against Chd and BMP4. To quantify the hematopoietic
expansion, we measured the width of the ICM with a cutoff
of three somite thickness (N3 somites or V3 somites).
Injection of BMP4 MO alone (12 ng) had no effect on the
size of the ICM. When BMP4 MO (12 ng) was co-injected
with chordin MO, a significant decrease in hematopoietic
expansion caused by the chordin MO was demonstrated
(Fig. 9) (Chd: 95.8 F 3.0% (n = 314); BMP4+Chd: 46.5 F
7.6% (n = 279); P b 0.001; six separate experiments). Co-
injection of Chd MO and a random sequence control MO
(12 ng) did not decrease the Chd MO-mediated expansion
of the ICM [97.0 F 1.2% embryos showed significant ICM
expansion (N3 somites) (n = 127, three separate experi-
ments)]. Thus, increased expression of BMP4 mRNA
caused by knock-down of Chd gene function is involved
in the expansion of hematopoiesis in ChdMO embryos.
To confirm this notion, we also co-injected 0.15 ng of
Chd MO (a concentration that has no effect on the ICM) anda morpholino against twisted gastrulation (tsg) (6 ng),
known to co-operate synergistically with chordin to
antagonize BMP signaling (Ross et al., 2001). This
combination induced expansion of the ICM in 50.4 F
7.2% of embryos (n = 390 five separate experiments) (Fig.
9). Co-injection of BMP4 MO (12 ng), but not a random
sequence MO (12 ng), with tsg (6 ng) and chordin MO
(0.15 ng) significantly reduced expansion of the ICM
(13.5 F 3.6%, n = 295, five separate experiment, P b 0.01).
Finally, we injected a BMP4 cDNA expression construct
(67.5 pg) into embryos at the 1-cell stage. Overexpression of
BMP4 recapitulated the ChdMO phenotype in 19.0 F 1.0%
of the embryos (n = 238 embryos, three separate experi-
ments) with expansion of ICM and up-regulation of
hematopoietic genes including gata1 and scl. None of the
embryos injected with control GFP plasmid developed ICM
expansion (data not shown).Discussion
The dino mutant was first described in 1996 in a
mutagenesis screening (Hammerschmidt et al., 1996). It
has a ventralized body axis that is characterized by reduced
head structures and expanded bblood islandsQ in the ICM.
The latter is thought to result from increased specification of
cells towards a ventral (hematopoietic) fate during gastru-
lation. We demonstrate here that the expanded ICM in the
ChdMO embryos at 24 hpf comprises a monotonous
population of cells with morphology that is reminiscent of
early hematopoietic precursors that are actively proliferat-
ing, as shown by the frequent occurrence of mitotic figures.
The results suggested that aside from increased hemato-
poietic specification, loss of chordin also results in
enhanced hematopoietic cell proliferation.
Using ISH, we demonstrated that the expanded ICM
expressed genes that are normally associated with primitive
hematopoiesis (gata1, ikaros, c-myb, scl, lmo2) and
vasculogenesis (fli1, flk1). However, these genes were
Table 4A
Anatomical mapping of genes that are up-regulated in the ChdMO embryos at the distal truncated part of the embryos
}
Normal gene expression is marked by the black boxes. The gray boxes indicate reported gene expression in the rostral part of the embryos that was not included
in this analysis.
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ICM. Cells that expressed the vascular genes were confined
to the periphery, whereas cells that expressed hematopoietic
genes were located throughout the ICM. Moreover, circu-
lation within this endothelial-lined cavity was continuous
with the main circulation as shown by microangiography.How this was organized is presently unclear but the answer
may shed light on the mechanisms whereby cells destined
for hematopoietic and vascular fates may interact at the
post-gastrula stage.
ISH studies demonstrated in ChdMO embryos at 24 hpf
that BMP4 was expressed as a discrete patch posterior to the
Table 4B
Anatomical mapping of genes that are down-regulated in the ChdMO embryos at the distal truncated part of the embryos
(continued on next page)
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Table 4B (continued)
Normal gene expression is marked by the black boxes. The gray boxes indicate reported gene expression in the rostral part of the embryos that was not included
in this analysis. Asterisks (*) indicate expression of genes in the migrating neural crest cells.
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ICM. A similar expression pattern was demonstrated for
smad5. These expression patterns were not observed in any
of the WT embryos. This led us to test if BMP4 signaling
might contribute to the expansion of hematopoiesis. As MO
against BMP4 suppressed the expanded ICM phenotype
induced by Chd MOs, or a combination of Chd and Tsg
MOs, and overexpression of BMP4 recapitulated the
expanded ICM phenotype of ChdMO embryos and dino
mutants (Liao et al., 2000; Lieschke et al., 2002, our
unpublished observation), increased BMP4 signaling is atFig. 9. Co-injection of BMP4 MO with chordin MO reduced ICM
expansion in chordin morphants. Upper panel: (A–B) ICM expansion in
morphant embryos (A) and morphant embryos co-injected with BMP4 MO
(B). A width of N3 or V3 somites was arbitrarily defined as the cutoff for
ICM expansion. Lower panel: (C) Left: Frequency of ICM expansion in
embryos injected with chordin MO (Chd, 0.75 ng), Chd MO (0.75 ng) +
BMP4 (12 ng), ChdMO (0.75ng) + random sequence MO (12 ng). Right:
Frequency of ICM expansion in embryos injected with ChdMO (0.15 ng) +
TsgMO (6 ng), ChdMO (0.15 ng) + TsgMO (6 ng) + BMP4MO (12 ng),
ChdMO (0.15 ng) + TsgMO (6 ng) + random sequence MO (12 ng). Each
error bar represents 1 SEM. *P b 0.05. RS, random sequence MO (see
Materials and methods).least in part responsible for the expanded hematopoiesis in
the ICM of ChdMO embryos. The cellular mechanism
whereby BMP4 signaling is increased in the ChdMO
embryos is not entirely clear. Using cell transplantation
studies, Kishimoto et al. (1997) showed that chordin acts
non-cell-autonomously, suggesting that the increase in
BMP4 signal may be derived from neighboring cells in
the microenvironment.
Aside from inhibiting BMP4 signaling, chordin also
inhibits BMP2 and BMP7 signaling. Previous studies on
Xenopus have also shown that these BMPs are linked and
they form heterodimers that can induce ventral mesoderm
specification (Nishimatsu and Thomsen, 1998). Moreover,
others have shown that overexpressions of either BMP2
(Kishimoto et al., 1997) or BMP7 (Dick et al., 2000) in
zebrafish embryos are capable of inducing ventralization.
These observations appear to suggest overlapping actions
of BMP2, BMP4, and BMP7. However, gene array analysis
and in situ hybridization in this study demonstrated
increased expression of only BMP4 but not BMP2 or
BMP7, suggesting that the latter morphogens are not
involved in the increased hematopoiesis in ChdMO
embryos. The observations were in keeping with those by
Dick et al. (2000) showing the absence of BMP2b and 7
expressions in day 1 wild-type whole embryos (demon-
strated by northern analysis) and of BMP7 in ICM
(demonstrated by in situ hybridization). In vitro studies
using umbilical cord blood have also shown that BMP4 but
not BMP2 or BMP7 induce proliferation of primitive
human hematopoietic progenitors (Bhatia et al., 1999).
Whether there is a subtle increase in BMP2 and 7
expression in ICM of the ChdMO embryos cannot be
excluded. Another intriguing observation is the increase in
BMP4 and smad5 transcripts in the ChdMO embryos.
Chordin is an extracellular antagonist of BMP that inhibits
BMP binding to its receptor. We speculate that BMP
signaling is increased in the ChdMO embryos due to
reduced antagonism, leading to activation of downstream
pathways. Although many of these BMP targets are
presently unknown, it is possible that some of these targets
can, in the vicinity of the ICM, increase transcriptions of
BMP4 and smad5. Understanding how BMP auto-regulates
A.Y.H. Leung et al. / Developmental Biology 277 (2005) 235–254 249may therefore shed light to mechanisms underlying ICM
expansion in the ChdMO embryos.
In addition to hematopoiesis, BMP4 is normally
expressed also in the heart tube of 22 somite zebrafish
embryos (Chen et al., 1997) and transgenic studies using an
upstream promoter of BMP4 to drive GFP fluorescence in
zebrafish embryos showed predominance of expression in
myocardium of developing ventricles (Shentu et al., 2003).
Therefore, increased BMP4 signaling in the ChdMO
embryos might also affect their cardiovascular function.
Preliminary data in our laboratory showed that the heart rate
was slower in the ChdMO embryos as compared with WT
embryos at similar age (not shown). Whether the anatomical
structures and contractility of the heart are also affected
would have to be further investigated.
To further evaluate the mechanism responsible for
hematopoietic cell proliferation, we compared the global
gene expression between the WT and ChdMO embryos,
using both whole embryos, and the truncated caudal part of
the embryos, enriched for the ICM. We showed that
transcripts for zebrafish genes normally expressed in the
ICM and tail-bud regions were significantly up-regulated
whereas those in the central nervous system, the notochord
and skeletal muscle were down-regulated. This is consistent
with the ventralized phenotype of ChdMO morphant and
dino mutants. Moreover, the microarray data were also
consistent with the results from in situ hybridization and
MO co-injections. Specifically, transcripts for several
downstream components of the BMP pathway, including
DNp63a1 and smad5, were up-regulated. In addition,
transcripts for BMP4 were increased in the caudal truncated
ChdMO embryos. Interestingly, genes encoding for zebrafish
nma/BAMBI, a negative regulator of the BMP signaling,
was not differentially expressed in the ChdMO embryos. The
increased expression of early hematopoietic and vascular
genes in the ChdMO embryos detected by ISH was also seen
in the microarray experiments. These observations serve to
prove the validity of the microarray data that have provided
us with more ground for research in early zebrafish
hematopoiesis.
From the microarray data, not only did we find up-
regulation of genes involved in initial hematopoietic
commitment in ChdMO embryos, but also genes involved
in terminal differentiation. These include genes that are
linked to the erythroid lineage (globins, b-spectrin,
uroporphyrinogen decarboxylase , and synthase) and
monocytic (draculin) lineage. The latter has also been
demonstrated using in situ hybridization for l-plastin.
However, in situ hybridization (data not shown) failed to
identify up-regulation of the gene encoding for pu.1, an ets
domain containing transcription factor implicated in
myelopoiesis (Lieschke et al., 2002). The differential
effects on erythropoiesis and myelopoiesis were not
unexpected as they are thought to have different sites of
origin during gastrulation: Erythropoiesis arises from the
caudal mesoderm whereas myelopoiesis arises from rostralmesoderm (Lieschke et al., 2002). The observation that the
expanded ICM in ChdMO embryos expressed draculin and
l-plastin but not pu.1 suggests that increased BMP4
signaling has a differential effect on monocytic and
myeloid lineages during early embryonic hematopoiesis.
This is in keeping with Bennett et al. (2001) who
demonstrated co-expression of mpo and pu.1 but not l-
plastin in zebrafish embryos. We further believe that the
increased monocyte population in the ChdMO embryos
comes from the ICM. Bennett et al. (2001) showed that l-
plastin expression can be detected in the anterior yolk
region of zebrafish embryos as early as 18 hpf. However,
there is no increase in l-plastin expression in 18 hpf
ChdMO embryos in that region (not shown). The observed
increase in monocytic gene expression at ICM of 24 hpf
ChdMO embryos might be due to skewing of cellular
differentiation away from the default erythroid fate. In fact,
cells of monocytic morphology were more abundant in the
ICM of 48 h morphants and monocytes were evident in the
circulation of ChdMO but not WT embryos. The latter
phenomenon has been observed in the Xenopus model in
which constitutive activation of the BMP pathway skews
the default erythroid fate into a monocytic one (Walters et
al., 2002). Whether these alterations are mediated by for
instance changes in hox gene expression (Davidson et al.,
2003) and in paraxial mesoderm would have to be further
investigated (Rohde et al., 2004).
There is also concern that injection of MO in zebrafish
embryos at high dose may induce necrosis in the embryos
and hence the monocytic/macrophage differentiation. In this
study, however, expansion of the ICM and skewing towards
monocytic lineage were induced by injecting low dose (0.75
to 1.5 ng) chordin MO. A high dose of MO (12 ng) against
BMP4 and a random sequence was only used in co-injection
experiments and the embryos showed no evidence of
systemic necrosis. To our knowledge, skewing of zebrafish
ICM towards a monocytic lineage due to systemic necrosis
has not been reported. Herbomel et al. (1999), however,
showed that in response to bacterial infection, macrophages
derived from ventralateral mesoderm migrate towards the
site of infection and those in the circulation demonstrate an
activated morphology. Whether the observed monocytic
lineage differentiation in the expanded ICM of the ChdMO
embryos could have been contributed partially by necrosis is
presently unknown.
It is also interesting that 21% of circulating erythroid
cells in the morphants but not WT embryos were PAS
positive. Moreover, some of the erythroid and blast-looking
cells in the expanded ICM were also PAS positive. In
general, PAS stains for complex carbohydrate including
glycogen. In humans, PAS staining is invariably absent in
normal erythroid progenitors but is present in cases of
erythroleukemia. In normal human myeloid cells, PAS
staining can be seen in a diffuse cytoplasmic pattern, and
normal lymphocytes and monocytes may also be PAS
positive, although the pattern is mostly weak and granular.
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described in basophils and eosinophils (Bennett et al.,
2001). The significance of PAS positivity of erythroid cells
in the ChdMO embryos is currently not known.
In addition to genes with a known role in hematopoiesis,
we also detected up-regulation of genes that are normally
expressed in the ICM but their role in hematopoiesis is
unknown. These included sef, the death receptor (DR),
mafB, men1, and selenoprotein T1b. Overexpression of sef,
a modulator of fibroblast growth factor (FGF) signaling, can
induce expansion of ICM in zebrafish embryos (Tsang et al.,
2002). As this phenotype is similar to that seen with Chd
MOs, the possibility exists that Chd signaling also interacts
with the FGF pathway. The DR gene product mediates
apoptosis of hematopoietic cells during embryonic hema-
topoiesis and inhibition of DR expression induces poly-
cythemia in zebrafish (Long et al., 2000a,b). Up-regulation
of DR expression may thus constitute activation of an auto-
regulatory pathway whereby increased primitive hemato-
poiesis might be counteracted by increased apoptosis. We
have evidence for increased acridine orange and TUNEL
staining in the expanded ICM of the ChdMO embryos (data
not shown), and similar observations have also been made
in the dino mutant (Hammerschmidt et al., 1996). Finally,
we found up-regulation of metalloproteinases 9 and 2 as
well as elastase 2A transcripts, some of which are known to
be involved in mobilization of hematopoietic stem cells as
well as stem cell maintenance in mammalian hematopoiesis
(Heissig et al., 2002). Whether their functions are preserved
in zebrafish embryos and how their up-regulation is linked
to increased hematopoiesis in the ChdMO mutant embryo is
yet to be determined.
We also observed several patterns of gene expression in
the ChdMO embryos that may be important in the under-
standing of embryonic organogenesis. In zebrafish, vas and
nanos 1 are genes involved in primordial germ cell (PGC)
specification (Koprunner et al., 2001; Yoon et al., 1997).
Both genes were up-regulated in the ChdMO embryos
suggesting that increased BMP4 may increase PGC spec-
ification. This is consistent with the mouse data in which
mice that carry BMP4null genotype are characterized by
defective PGC specification (Lawson et al., 1999). More-
over, genes encoding for various members of the claudin
family were up-regulated in the ChdMO embryos of which
claudin b was known to express in the otic and olfactory
placode and the pronephros whereas the expression of other
members are presently unknown (Kollmar et al., 2001).
Claudin is a family of membrane proteins that play an
integral part in the formation of tight junctions between
epithelial cells. Whether up-regulation of these genes
reflects specific effects of BMPs on claudins or a general
ventralization phenotype remains to be further investigated.
On the other hand, genes encoding for members of the
Na+/K+ ATPases were uniformly down-regulated in the
morphants. As these genes are expressed in both dorsal and
ventral structures in zebrafish embryos, their down-regu-lation could be the results of a general effect of heightened
BMP signaling.
In addition to the defective DV patterning, the chordin
mutants also have laterality defects. In particular, the
chordin mutant embryos have defects in lateralization of
heart looping and pancreatic specification (Bisgrove and
Yost, 2001) due to the randomization and discordance of
normally asymmetrical gene expression in the lateral plate
mesoderm. We have not distinguished this from the DV
patterning defect and how much of the global gene
expression in our microarray study reflects deregulation of
left–right asymmetry is not known.
In summary, the expanded ICM of the ChdMO mutant
embryo at 24 hpf is a hematopoietic structure that is in
continuity with the main circulation of the embryo, with
increased numbers of early hematopoietic progenitor cells.
The expansion is at least in part mediated by up-regulated
BMP4 signaling. Accelerated differentiation to the mono-
cytic lineage is seen in ChdMO mutant embryos. When
compared with WT embryos, the expanded ICM of ChdMO
embryos also demonstrates differential expression of many
other genes and their roles in hematopoiesis are at present
unclear. Our studies demonstrate that we can now study
primitive hematopoiesis in zebrafish at both the cellular and
molecular level.Acknowledgments
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